For normal anaesthetic practice, monitoring of neuromuscular blockade is best performed by stimulation of the ulnar nerve at the wrist with a peripheral nerve stimulator and evaluation cif the response of the thumb. Determination of the initial thresholdfor stimulation in the awake patient to allow estimation of the current required for supramaximal stimulation is an important set-up procedure to improve accuracy. The degree of paralysis of specific muscle groups such as the diaphragm can be inferred from their sensitivity to neuromuscular blocking agents relative to adductor pollicis. Monitoring with different stimulation patterns allows a wide spectrum of muscle paralyses to be evaluated.
The use of peripheral nerve stimulators has yet to become a routine part of relaxant anaesthesia. In the past, dissatisfaction with the monitoring of neuromuscular blockade grew from inaccurate or misleading results. Using a modern nerve stimulator, with better understanding and new methods, the anaesthetist should be able to derive accurate results in the majority of patients. This paper will highlight practical aspects of peripheral nerve stimulation which can contribute to increased accuracy in monitoring neuromuscular blockade.
Monitoring of neuromuscular blockade involves supramaximal stimulation of an accessible peripheral motor nerve and quantification of the response in the muscle it innervates. To achieve this a number of requirements must be met.
I. Peripheral nerve stimulator
This topic has been reviewed elsewhere. 1 In brief, the stimulator should have the following essential features:
l. Pulse waveform: unipolar square wave 0.2-0.3 msec duration. 2. Sufficient output to ensure supramaximal stimulation: > 50 ma into 2.5 kOhm load.
Stimulus patterns: Train-of-four;
Single twitch 1.0 Hz; Tetanus 50 Hz; Double burst. Additional desirable features include a digital read-out of delivered current and a continuously variable output, which are useful in 'setting up' the peripheral nerve stimulator as detailed below.
Site of stimulation
In principle, neuromuscular blockade could be monitored by stimulation of any superficially placed peripheral motor nerve and evaluation of the response of a muscle supplied by that nerve. Thumb adduction due to contraction of adductor pollicis in response to stimulation of the ulnar nerve is the most widely used and researched. It approaches the precision of an experimental nervemuscle preparation more than any other nervemuscle group in the body. 2 The adductor pollicis is relatively immune from direct muscle stimulation by electrodes placed on the distal forearm, although thumb flexion caused by direct stimulation of flexor pollicis longus can cause confounding movements. This may become a problem when high stimulating currents are used.
Many other sites have been investigated for clinical monitoring of neuromuscular blockade. 3 . 6 Each may have advantages in different circumstances. For example, during many types of surgery, the facial nerve is readily accessible to the anaesthetist. However, it poses several problems. The facial muscles exhibit functional dissimilarities to limb muscles and are relatively resistant to the action of muscle relaxants. 3 Careful placement of surface stimulating electrodes over the facial nerve as it leaves the stylomastoid foramen 4 or the use of needle electrodes are required to minimise direct muscle stimulation. 5 Both features lead to underestimation of the degree of neuromuscular blockade as compared with the results using the ulnar nerve and adductor pollicis. 4 -6 During neurosurgery, the arm is often unavailable for monitoring while the anaesthetist is situated adjacent to the patient's lower limb. Evoked plantarflexion of the big toe in response to stimulation of the posterior tibial nerve behind the medial malleolus of the tibia, and dorsiflexion of the foot in response to stimulation of the lateral popliteal nerve lateral to the neck of the fibula have been used to monitor neuromuscular blockade. 2 ,4 These muscle groups probably have different sensitivities to neuromuscular blocking agents compared with adductor pollicis. 7 Until further details of these methods, including evaluation of supramaximal current and their relative sensitivity compared with adductor pollicis are available, these sites cannot be recommended.
The degree of paralysis of the diaphragm and the abdominal muscles is of major importance to the anaesthetist and techniques for their assessment have been described. 8 -12 For the diaphragm, the phrenic nerve can either be electrically stimulated in the neck 8 ,9 or indirectly stimulated by carinal irritation with a suction catheter. 1O The response can be quantified using electromyographY,8 transdiaphragmatic pressure measurement 9 or clinical criteria like coughing or 'bucking'. 10 Paralysis of the abdominal musculature has been quantified using similar techniques. 11 ,12 However, all these methods are technically demanding and are unsuitable for routine clinical use.
In clinical practice it is not necessary for the anaesthetist to directly measure the degree of paralysis of the diaphragm, the abdominal musculature or other specific muscle groups of particular interest. Their degree of paralysis can be inferred from assessment of the response of adductor pollicis to stimulation of the ulnar nerve. Relative to adductor pollicis, the diaphragm and, Anaesthesia and Intensive Care. Vol. 18, No. 4. November. 1990 surprisingly, the vocal cords are resistant,8,13 the abdominal musculture is similar,14 and the extraocular muscles are sensitive to the effects of competitive neuromuscular blocking agents. The occurrence of coughing or 'bucking' when there is no response to train-of-four stimulation of the ulnar nerve-adductor pollicis is not a failure of monitoring but rather reflects the different sensitivities of the muscle groups to neuromuscular blocking agents. Figure 1 shows the relationship between diaphragmatic paralysis and the response of adductor pollicis to different stimulation patterns of the ulnar nerve in a patient. Overall, the ulnar nerve-adductor pollicis system is the simplest and most accurate method for the anaesthetist to use in monitoring neuromuscular blockade during routine surgery. 2,4,5 The succeeding sections of this paper will be restricted to a discussion of the ulnar nerve-adductor pollicis system with stimulation of the ulnar nerve at the wrist.
Supramaximal stimulation
Supramaximal stimulation is crucial to obtaining meaningful results from peripheral nerve stimulation. Supramaximal stimulation of a nerve should cause all of the contained fibres to depolarise once for each applied pulse. Only then can graded decrements in muscle response be attributed to alterations in neuromuscular transmission.
If the current delivered is inadequate, there will be a reduction in muscle response. Figure 2 the relationship between evoked isometric tension of the thumb and current delivered to stimulate the ulnar nerve at the wrist. As can be seen from the shape of the curve, small alterations in current can produce large changes in muscle response when the stimulus is 'infra-maximal', leading to unpredictable results from peripheral nerve stimulation. 'Infra-maximal' stimulation in general leads to overestimation of the degree of muscle paralysis ( Figure 3 ),5 although there is some evidence that the train-of-four ratio may not be affected by such stimulation. 15 To avoid 'infra-maximal' stimulation the routine use of high currents, 60 mA or greater, has been advocated. 16 However, in the majority of patients, when using surface electrodes currents of only 20-30 mA are required to produce supramaximal stimulation. 17 As illustrated in Figure 2 , excessively high currents, 'overstimulation', produce a steadily increasing muscle response. This is due to direct stimulation of the long flexors in the forearm and repetitive nerve firing. 18.19 Repetitive nerve discharges constitute mini-bursts of tetanus and lead to an exaggeration of the muscle response compared to single twitches. This 'overstimulation' may cause the neuromuscular blockade to be underestimated ( Figure 3 ). Therefore, for each individual patient and for a given electrode placement there is a relatively narrow range of stimulus currents over which reliable results can be expected. Significant deviations from this window of delivered current can produce artificial changes in the perceived train-of-four count. The size of the current window can be increased with optimal positioning of the electrodes (Figure 2 ). (1) Electrode choice and placement.
Setting up
Ideally, electrode choice and placement should maintain a constant anatomical and electrical relationship to the nerve, with the electrodes positioned as close as possible to the nerve to minimise the current required for supramaximal stimulation and to avoid direct muscle stimulation. Following reports of burns using surface electrodes,19 needle electrodes became popular but they have the disadvantage of being invasive and painful. Provided that adequate skin preparation is made to reduce total impedance it is safe to employ surface electrodes, either pregelled NalNaCl or conductive rubber, in the majority of patients. 17 Adequate preparation involves the removal of excess hair with a razor, light abrasion of the skin to reduce the thickness of the cornified layer and a final cleansing with alcohol. Needle electrodes have been advocated in the obese, patients with exceptionaltythick or oedematous skin or with very cold limbs l8 in whom it is otherwise impossible to achieve supramaximal stimulation with surface electrodes. However, using our 'set-up' procedure we have rarely had to resort to needle electrodes to achieve supramaximal stimulation.
Knowledge of the anatomy of the ulnar nerve at the wrist is the key to correct placement of electrodes. The ulnar nerve and artery form a neurovascular bundle which lies sandwiched between the deep and superficial flexors of the forearm. They emerge from beneath the tendon of flexor carpi ulnaris just proximal to the wrist and pass across the flexor retinaculum into the hand. At about the level of the proximal skin crease, the nerve's lateral relation is the artery and its medial relation the tendon of flexor carpi ulnaris. However, the nerve can be overlapped by the tendon for a variable distance.
We have successfully used the following placement of electrodes. The distal electrode is placed at a level 1-2 cm proximal to the proximal skin crease, centred just on the radial side of the tendon of flexor carpi ulnaris as identified by its insertion into the pisiform bone. This represents a compromise as the nerve becomes more superficial distally and easier to stimulate, but movement at the wrist increasingly tends to dislodge the electrode. The proximal electrode is placed along the line of the ulnar nerve as close to its distal counterpart as is practicable to reduce the likelihood of direct stimulation of the long flexor muscles.
The distal electrode is connected to the negative terminal of the peripheral nerve stimulator as this minimizes the current required for supramaximal stimulation (Figure 2) . A small paediatric ECG electrode allows more accurate anatomical placement and increases the current density in the underlying tissue. The critical current density required to depolarise the nerve may be achieved at a lower total current. There may be some advantage in using a larger adult ECG electrode for the proximal, positive electrode as this reduces total series impedance and may approximate to a ground plate.
(2) Initial threshold for stimulation.
Kopman has shown that it is possible to predict the current necessary for supramaximal stimulation of the ulnar nerve at the wrist using surface electrodes by measuring the minimum current required to produce any twitch response in the thumb, the so-called 'initial threshold for stimulation' (ITS). 'Provided that a minimum of20 mA was delivered to achieve supramaximal stimulation, then supramaximal stimulation could be assured if the delivered current was equal to 2.75 times that necessary for the production of ITS. 17 After placement of suitable surface electrodes as detailed above, and a brief explanation to the patient, ITS is assessed by stimulation at 1.0 Hz with the current increased slowly from zero until the first obvious twitch is observed in the thumb.
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We have found that ITS is almost always less than 15 mA using surface electrodes. IfITS is found to be excessive (> 15 mA), then the distal electrode should be moved to a site associated with a lower threshold. The most likely situation is that the nerve is being insulated by overlying tendon, which is a poor conductor. The authors have found greatest success in these circumstances by repositioning the electrode toward the ulnar border of the forearm where it is not overlapped by tendon. It may sometimes be necessary to continue stimulation at 15 mA and explore with the distal electrode, until an adequate response is elicited in the thumb. If no response is elicited with 20 mA, then the nerve stimulator should be checked, and consideration given to the use of needle electrodes.
This process confers many benefits in addition to the estimation of supramaximal stimulation, which should be considered a prerequisite for accurate monitoring. First, it proves that the nerve stimulator, its leads and electrodes are operational. Second, it confirms appropriate placement of the electrodes. Third, it frees the anaesthetist to induce the patient and commence monitoring of neuromuscular blockade once time permits, avoiding the need to interrupt the administration of induction agent and muscle relaxants while the nerve stimulator is set up. This is of special benefit when a rapid sequence induction is required. If the peripheral nerve stimulator is applied after the administration of the muscle relaxant it is impossible to guarantee that monitoring will be accurate.
Monitoring of neuromuscular blockade (1) Stimulus patterns.
A number of stimulus patterns have been developed to quantify a wide range of depths of neuromuscular blockade. They have been extensively reviewed and will not be examined in depth. 2, 4, 5, 14, 18 The most commonly used stimulus pattern is the train-of-four (TOF; four pulses at 2.0 Hz) because it does not need reference to a control response. The response of the thumb can be quantified as either the number of palpable twitches (train-of-four count or TOFC) or the ratio of the force of the first and fourth response (train-of-four ratio or TOFR).
The post-tetanic count (PTC) was developed to quantify deeper levels of neuromuscular blockade, when all response to TOF stimulation has been abolished. 2 1.22 In addition it can be used to predict the time of reappearance of the first twitch in TOF. It consists offive seconds of 50 Hz tetanus followed by a three-second pause. Single twitch stimulation' is then commenced at 1.0 Hz and the PTC is simply the number of perceptible twitches. This stimulus pattern cannot be repeated more often than every five minutes due to the facilitatory effect of tetanic stimulation of neuromuscular transmission. A PTC can be performed with any peripheral nerve stimulator that has a 50 Hz tetanus and a 1.0 Hz single twitch facility.
Tetanic stimulation at 50 and 100 Hz for three to five seconds has been used to assess recovery from neuromuscular blockade. The painful nature of high frequency stimulation limits its usefulness.
The inadequacy of currently available stimulus patterns in clinically assessing recovery from neuromuscular blockade has recently led to the development of 'double burst' stimulation (DBS).23,24 It consists of two short bursts of tetanus (2-4 pulses at 50 Hz) separated by 0.75 seconds. The response of the muscle to these bursts is perceived as two twitches. These 'mini tetani' tend to fatigue the neuromuscular junction more than two single twitches so that fade is exaggerated . . .
(2) Evaluation of evoked responses.
Tactile evaluation of the response of the thumb to stimulation of the ulnar nerve at the wrist, with the stimulator delivering the supramaximal current determined during set-up, is the most accurate method for clinical monitoring. The thumb is abducted in the same plane as the palm with a resting force of about 200-300 grams and a stimulus pattern initiated. The response is then perceived by touch as the number of obvious responses (TOFC, PTC) or the relative force of one response to another (TOFR, DBS, tetanus).
Visual evaluation tends to overestimate the TOFC and PTC by including small responses due to repetitive nerve firing and flexion of the thumb from direct stimulation of flexor pollicis longus in the forearm.
(3) Clinical application.
Monitoring with a nerve stimulator can provide important information during all phases of surgery in which a neuromuscular blocking agent is administered. A. Induction.
A TOFC of I secures sufficient relaxation of the musculature of the jaw and larynx for laryngoscopy and endotracheal intubation. 14 If paralysis of the diaphragm is required to avoid any 'bucking' or coughing a PTC of 0-1 is required. 10 B. Maintenance.
Good operating conditions for the majority of surgery can be ensured by maintenance of a TOFC of I, which corresponds to 90-99% depression of the single twitch. Occasionally surgeons may report improved operating conditions at deeper levels of muscle paralysis. During some forms of surgery, for example neurosurgery and ophthalmic surgery, deeper levels of muscle paralysis may also be desirable. A PTC ~ 1 is required to minimise diaphragmatic activity.lo
In practice, we intermittently stimulate with TOF every 5-15 minutes and usually aim to maintain a TOFC of I by intermittent bolus or continuous infusion of a neuromuscular blocking agent. If there is no response to TOF a PTC is performed. Its response can be broadly grouped into three categories. A PTC ~ I implies a deep level of neuromuscular blockade, with near-total paralysis of the diaphragm. A PTC of 2-8 is associated with moderately deep paralysis which may provide improved operating conditions and a PTC ~ 9 is similar to a TOFC of I.
C. Reversal
The incidence of residual curarisation in the recovery room is high. 25, 26 The speed of reversal of residual neuromuscular blockade is primarily determined by the depth of blockade at the time of reversal. 2 7 In clinical practice, the aim should be to manage the neuromuscular blockade during surgery such that at reversal the TOFC is 3-4. If the TOFC is 1-2 at reversal, neostigmine is the anticholinesterase of choice,28 and the patient should be carefully observed as complete recovery may take up to thirty minutes for a long-acting neuromuscular blocking agent,27 and fifteen to twenty minutes for an intermediate acting agent. 28 The residual block should not be reversed if the TOFC is O.
When the TOFC is 0, a PTC can be used to predict when a response will reappear. During spontaneous recovery of a long-acting agent such as pancuronium, the first twitch in the TOF appears approximately forty minutes after a PTC of I, and fifteen minutes after a PTC of five. 22 For atracurium, the first twitch in the TOF appears nine minutes after a PTC of 1. 29
D. Recovery.
Clinical indices still form the basis of assessment of recovery from neuromuscular blocking agents. Sustained head-lift for five seconds is probably the simplest and most reliable indicator of adequate recovery. 30 Only if the patient is unconscious, uncooperative or has some other factor which makes the performance of clinical tests impossible does the peripheral nerve stimulator have a significant role in testing for residual curarisation.
A peripheral nerve stimulator in the recovery room is subject to a number of potential sources of Fade is increased with 100 Hz tetanus compared with 50 Hz and has been advocated to improve the detection of residual curarisation. 32 However, 100 Hz tetanus can cause subtle fade in the absence of neuromuscular blocking drugs,33 and its overall usefulness in assessing recovery has not been determined.
Double-burst stimulation (DBS) improves the clinical assessment of fade. 23,24 Fade can usually be detected manually with DBS when the TOFR is 0.6, although the threshold for its detection can be as Iowa TOFR ~ 0.4. 24 Therefore, DBS has improved the problem of assessing recovery but not solved it.
In practice, recovery can be assessed initially by TOF stimulation. If no fade is detected a DBS or 100 Hz tetanus for 3-5 seconds is then used. Any detectable fade to TOF, DBS or 100 Hz tetanus should be considered to indicate significant residual muscle paralysis. However, it must be remembered that even if no fade is detected the patient may still have residual muscle paralysis.
Potential errors in monitoring neuromuscular blockade
Erroneous information may be derived from monitoring neuromuscular blockade with a peripheral nerve stimulator due to errors in technique and/or the presence of neuromuscular disease (Table I) . The potential technical errors can be avoided with appropriate setting up of the peripheral nerve stimulator. Underestimation of the degree of muscle paralysis due to 'overstimulation' associated with high stimulation currents is the most common clinical problem. It can be suspected when, in the presence of a deep neuromuscular block, there are three to four small Anaesthesia and Intensive Care. Vol. 18, No. 4, November, 1990 Solution Set up prior to induction Set up prior to induction Confirmation of supramaximal current delivery Set up prior to induction Needle electrodes Monitor in 'normal' limb responses to TOF stimulation. A true TOFC of 3-4 is associated with obvious fade between the twitches with a relatively large response to the first stimulus.
The sensitivity of the neuromuscular junction may be markedly altered in the presence of nerve or muscle disease. Monitoring using the adductor pollicis in the presence of upper or lower motor neurone lesions, and disuse atrophy, will tend to cause the neuromuscular block to be understimated relative to the 'normal' muscles. [34] [35] [36] In these circumstances only the 'normal' limb should be monitored. CONCLUSION We believe that every patient recelvmg competitive neuromuscular blocking agents should be monitored with a peripheral nerve stimulator. It can significantly improve patient safety by allowing the anaesthetist to provide excellent surgical conditions while still ensuring rapid and reliable reversal of the residual block at the end of the procedure. Abnormal responses to neuromuscular blocking agents can only be confidently diagnosed when all potential sources of error to nerve stimulation are avoided.
